Understanding the plant-microbe interactions are crucial for improving plant productivity and 22 plant protection. The latter aspect is particularly relevant for sustainable agriculture and 23 development of new preventive strategies against the spread of plant diseases. Constraint-based 24 metabolic modeling is providing one of the possible ways to investigate the adaptation to 25 different ecological niches and may give insights into the metabolic versatility of plant 26 pathogenic bacteria. In this study, we present a curated metabolic model of the emerging plant 27 pathogenic bacterium Pectobacterium parmentieri SCC3193. Using flux balance analysis (FBA), 28 we predict the metabolic adaptation to two different ecological niches, relevant for the 29 persistence and the plant colonization by this bacterium: soil and rhizosphere. We performed in 30 silico gene deletions to predict the set of core essential genes for this bacterium to grow in such 31 environments. We anticipate that our metabolic model will be a valuable element for defining a 32 set of metabolic targets to control infection and spreading of this plant pathogen and a scaffold to 33 interpret future -omics datasets for this bacterium. 34 35 have confirmed that plant pathogenic bacteria exploit high flexibility in utilization of different 43 kinds of sugar, nitrogen and phosphorus resources while adapting to the new environment e.g. 44 bacterial plant pathogen Pseudomonas syringae pv. tomato specifically employs amino acid and 45 sugar transporters to gain access to nutrients present in their environment. Subsequently, during 46 infection processes of tomato plants, P. syringae pv. tomato is utilizing resources within the host, 47
By analyzing flux changes in response to simulated environmental conditions (e.g. M9, soil, 166 rhizosphere) it is possible to observe whether any significant metabolic rewiring occurs. 167
Loopless FBA and loopless FVA (see materials and methods) were used in order to estimate 168 niche-specific metabolic adaptations in soil and rhizosphere. The results obtained through FBA 169 were cross-checked with FVA (see Supplementary Data SD3 for results). Possible fluxes 170 variation occurring during the transition from soil to rhizosphere was interpreted as a metabolic 171 shift between the two niches. The magnitude of the variation was described according to 172 different cutoff, i.e. as a variation greater than 10%, 20%, 30% 40% and 50% of the initial flux 173 value. Results indicate that the number of the reactions which fluxes changed significantly is 174 slightly affected by the stringency of the cutoff, vouching for robustness of the analysis. 175
Accordingly to the previous report 23 , we focused only on the results for which variation is higher 176 than 50% in rhizosphere compared to soil. Finally, the total amount of reactions taken into 177 account was 208, corresponding to ~ 10% of those embedded in the reconstruction. These were 178 further classified as reactions whose flux increase or decrease and reactions turned on or off 179 during the environmental stress (see Figure 3 ). Based on that classification, it appears that 180 several pathways keep being active in both examined conditions, though recruiting a different set 181 of reactions. The main shift seems to occur in sugars metabolic pathways, tracking a switch from 182 pentose phosphate and hexose to amino sugars metabolism. Also, some peculiar systems seem to 183 be turned on in concomitance of such niche change, as nitrogen, butanoate, galactose, and attesting a specific adaptive response of P. parmentieri SCC3193 to this environmental according to the three media examined, hence from now on we will refer only to FBA outcomes. 193
Specifically, the number of essential genes found is 251 in M9 medium, 250 in soil and 245 in 194 the rhizosphere. The locus tag of such genes, alongside with their corresponding encoded 195 protein, are reported in Supplementary Data SD4. The Venn's diagram in Figure 5 shows the 196 overlap among the three different conditions. Results indicate that a huge core of genes is likely 197
to be mandatory in all tested in silico conditions, while only small number stand-out as essential 198 just in one or two out of the three tested conditions. Indeed, in in silico gene deletions predicted 199 the gene W5S_RS13875 encoding for DNA starvation/stationary phase protection protein 200 (WP_014700482.1) as specifically required during growth in soil and rhizosphere, the gene 201 W5S_RS15765 encoding for an ammonium transporter (WP_014700821.1) essential in M9 and 202 rhizosphere, while eight genes appear to be specifically essential during growth in soil and M9 203 but not in rhizosphere. Seven of them belong to the thiamine and sulfur metabolism pathway: 204 involved in adaptation to above-mentioned ecological niches as well as predicting the phenotypic 225 outcomes of gene deletions. In this paper, for the first time we report a high throughput 226 experimental validation on metabolic capability of P. parmentieri SCC3193, and also a highly 227 curated metabolic model of this plant pathogenic bacterium (iLPI245). 228 iLPI245 is highly reliable, as in silico obtained results overlap in 91% with experimentally 229 obtained data on carbon utilization phenotypes, a value that perfectly fits with the currently 230 accepted standard for genome-scale metabolic reconstructions 41,42 . For example, a previously described genome-scale metabolic reconstruction of Pectobacterium aroidearum PC1, a 232 monocotyledonous plant pathogenic bacterium, showed the agreement of 80.4% between in 233 silico simulations and Phenotype Microarray™ (Biolog) experiments 25 . This difference in 234 accuracy of the models was probably related to the fact, that the metabolic model of P. 235 aroidearum PC1 was constructed on the template of the latest version of E. coli K12 MG1655 236 metabolic model iJO1366, whereas in our case E. coli genome was used only for biomass 237 estimation, and identification of orthologues genes, in consequence producing a more P. 238 parmentieri-specific model. 239
The iLP1245 model of P. parmentieri SCC3193 was then used to assess the relative importance 240 of single metabolic pathways and genes in adaptation to growth under laboratory (M9 medium) 241 and in silico simulated field conditions (soil and rhizosphere). Soil and rhizosphere conditions 242 were chosen since they represent two key environments were P. parmentieri is abundant, and for 243 which the information on chemical composition is readily available and reliable 23 . While 244 performing FBA on P. parmentieri SCC3193, we observed a shift in sugars metabolic pathways 245 while conditions were changed from soil to rhizosphere. Namely, switch from pentose phosphate 246 and hexose to amino sugars metabolism, which are supposed to be more abundant in 247 rhizosphere 43 . We can consequently suggest, that adapting to rhizosphere environment involves 248 utilization of this latter carbon compounds. Interestingly, a down-regulation of genes expression 249 involved in amino sugars and nucleotide sugar metabolism has been associated with starvation 250 stress response in P. atrosepticum 44 . Then, our prediction of metabolic fluxes implies, that 251 rhizosphere represents a rich environment for P. parmentieri, where these bacteria can thrive. 252
Moreover, butanoate, propanoate, steroid metabolism and, folate biosynthetic pathways are 253 turned on while we in silico shift environment from soil to the rhizosphere. These compounds are precursors for volatiles compounds (VOCs) production or are comprised in VOC metabolic 255 pathways; e. g. butanoate is an ester of butyric acid, which is among the most frequently secreted 256 compounds 16, 45 . We can hypothesize that interbacterial communication and possibly plant-257 bacteria interaction could be mediated by VOCs, which may then have a role in pathogenesis and 258 later on, in developing strategies for biocontrol. All those volatiles are strictly connected either 259 with encountering other bacteria growing in rhizosphere or with virulence of plant pathogenic 260 bacteria 16, 45 . 261
These data were compared with those obtained from the plant symbiotic nitrogen-fixing 262 bacterium Sinorhizobium meliloti 23 . We observed that only 10% of reactions changed flux (at 263 least by 50%) in P. parmentieri, while the shift from soil to rhizosphere conditions changed the 264 flux of more than 20% of reactions (including reactions which reversed direction) in S. meliloti, 265 though the number of reactions present in the two models (iLP1245 and iGD1575) was similar 266 (2182 and 1.825 reactions, respectively). Moreover, in S. meliloti ~ 13% of active reactions were 267 specific to just one of the environments, while only the 5.3% of active reactions were 268 environment specific in P. parmentieri. We can hypothesize that the smaller and more compact 269 genome of P. parmentieri compared to S. meliloti (4449 vs. 6204 protein-coding genes for P. 270 parmentieri and S. meliloti, respectively, including a multipartite genome organization in the 271 latter species) allows a reduced metabolic redundancy in P. parmentieri compared to S. meliloti 46 272 and a more generalist vs. specialist metabolic network (i.e. most reactions are not changing while 273 environment fluctuates). To test this hypothesis, we performed MOMA and FBA simulations of 274 gene deletions (see Supplementary Data SD4). Both analyses revealed that P. parmentieri 275 SCC3193 possesses an essential gene core composed of 241 metabolic genes, for growth in both 276 soil and the rhizosphere. Here, a set of 8 genes only was found to be essential in soil but not in growth in the same simulated rhizosphere environment 23 , and supports the previously proposed 279 hypothesis of a robust and versatile metabolic network of P. parmentieri SCC3193, which may 280 allow the strain to rapidly accommodate with relevant changes in environmental nutrient sources. 281
Additionally, we can assume that compact core of essential genes important for P. parmentieri is 282 a reason why bacteria from this species are able to persist on plant residuals without interacting 283 with host plant (potato) for long periods of time, and as well are cosmopolites in the 284 environment 12 . 285
To summarize our findings, we established a functional metabolic model of plant pathogenic 286 bacterium P. parmentieri SCC3193, showing an inherent robustness of the metabolic network, 287 which can easily accommodate for nutrient variability when moving from soil to rhizosphere 288 growth conditions. Such robustness may imply that several, still unknown, plant species 289 (together with their soil and rhizosphere) can be a reservoir for this pathogenic bacterium. 290
291

MATERIALS AND METHODS 292
Metabolic network reconstruction and model refinement. However, such data are available for E. coli 28 , therefore we approximated the P. parmentieri 307 gross biomass composition to that one of this closely related species. The complete biomass 308 composition is given in Supplementary Information SI2. The biomass reaction was set as the 309 objective function for growth in all the experiments performed in this work. 310
Bacterial strains and culture conditions. 311
Bacterial strain used in this study is P. parmentieri reference strain SCC3193 isolated from 312 potato tuber in Finland 7,30 . For high-throughput phenotypic characterization bacteria were grown 313 on TSA medium at 28°C for 24 h. For EnVision™ experiment bacteria were first grown in LB at 314 28°C for 24 h with constant agitation (120 RPM), later on in M9 for 24 h with constant agitation 315 (130 RPM). 316
Experimental high-throughput phenotypic characterization on P. parmentieri 317
SCC3193. 318
For high-throughput phenotypic characterization of P. parmentieri SCC3193 Biolog Plates PM1, 319 PM2A, PM3 and PM4 were utilized. Overnight bacterial culture was transferred from TSA 320 medium to 5 ml of 0.85% NaCl and bacterial suspension was adjusted to OD 600 equaling 0.1 321
Later, 1 ml of bacterial suspension was transferred to 11 ml of Minimal Salts medium (M9-C: 0.6% Na 2 HPO 4 , 0.3% KH 2 PO 4 , 0.05% NaCl, NH 4 Cl, 0.005% Yeast Extract) supplemented with 323 120 µl of Biolog A dye. To inoculate wells in PM plates 100 µl of described bacterial suspension 324 was used. The measurement was carried out in OmniLog™ for 46h. Results were analyzed with 325 DuctApe 31 . All the results are reported in Supplementary Data SD5. Using genome-scale metabolic networks (GEMs) genes knockout can be simulated to identify 376 those genes whose removal is likely to impair the organism's growth. Specifically, it is possible 377 to simulate mutants by deleting each gene included in the metabolic reconstruction and testing 378 the predicted effects on the microbe's growth. Through this strategy, it is possible to calculate 379 the growth ratio (GRratio) between the growth rate of the mutant model (μ KO ) and the one of the 380 wild-type (μ WT ) as: 381
This measure can provide hints on the essentiality of the knocked out gene. In particular, in our 383 work the knocked out gene was considered essential when GR ratio < 0.9. Furthermore, when 0.9 384 < GR ratio < 1 and GR ratio = 1 we considered the knocked out gene as semi-essential and essential, 385 
